We estimate the cumulative future emissions expected to be released by coal power plants that are currently under construction, announced, or planned. Even though coal consumption has recently declined and plans to build new coal-fired capacities have been shelved, constructing all these planned coal-fired power plants would endanger national and international climate targets. Plans to build new coal-fired power capacity would likely undermine the credibility of some countries' (Intended) Nationally Determined Contributions submitted to the UNFCCC. If all the coal-fired power plants that are currently planned were built, the carbon budget for reaching the 2
Introduction
The Paris Agreement, to which the 196 parties of the United Framework Convention on Climate Change (UNFCCC) agreed at the 21st Conference of the Parties (COP21), is generally perceived as a diplomatic success. Although the goals outlined in the voluntary (Intended) Nationally Determined Contributions-(I)NDCs-to reduce emissions are not in line with emission trajectories that would stabilize global mean temperatures at 'well below 2 • C' [1] , they would still constitute a departure from current trends [2] and could provide an entry point for more ambitious climate policies [1] . The Paris Agreement entered into force on 4 November 2016.
In parallel with this political success, global greenhouse gas (GHG) emissions may already have peaked as a result of slowed economic growth and a surge in renewable energy use [3] . For instance, solar power deployment since the year 2000 has exceeded even the most optimistic projections [4] . As a consequence, some energy analysts argue that solar power will push the most emission-intensive primary energy carrier, namely coal, out of the market [5] . Recent developments could be interpreted as first signs that this is already happening. After several decades of robust growth in coal consumption and a build-up of capital stock of coal-fired capacity, the most recent data suggest that in 2016 global coal consumption declined by roughly 1.7%, and coal production by as much as 6.2% [6] . Some important coal-consuming countries (especially China and India) have shelved the construction of several coal-fired plants that had been announced or were in the planning stage (see figure  S1 in the supplementary information available at stacks.iop.org/ERL/13/024019/mmedia). Economically recoverable coal reserves may also be substantially lower than commonly assumed [7] . Are these signs of 'coal's terminal decline', as suggested by the thus titled Greenpeace report [8] ?
As will be demonstrated in this paper, the continued reliance on coal-fired power plants in a number of major emerging economies could still turn out to be a massive stumbling block for climate change mitigation. Coal-fired power plants currently announced, planned, or under construction will, over the course of their expected life-time, generate a substantial amount of emissions in addition to those that are already 'locked in' (i.e. which will likely be generated in the future by already existing infrastructure). Unless these power plants are retired well before their expected life-time, which would increase mitigation costs and constitute a formidable political challenge, their associated emissions jeopardize the achievement of the (I)NDC targets as well as effective long-term climate change mitigation. Hence, we argue that dedicated policies to phase out coal are needed to hedge against political uncertainty and allow for credible commitment to ambitious long-term mitigation targets.
The motivation for this study is outlined in section 2, followed by a description of materials and methods in section 3. An analysis of how increasing coal use undermines the credibility of (I)NDCs is presented in section 4, and section 5 discusses the implications for longterm climate targets. Section 6 assesses the political economy of policy options to avoid that announced and planned coal-fired capacities come to fruition. Section 7 concludes.
Motivation
Previous analyses have shown that increasing coal use could result in 2030 emission levels surmounting the range that would limit global warming to below 2 • C [9] . Yet these studies do not account for the important role of committed emissions from coal-fired power plants for emission reductions at later stages, i.e. beyond 2030. To achieve a given temperature target, such as 2 • C, it is insufficient to limit emissions to a certain level until a certain date, such as 2030.
The long-term implications of infrastructure investments, especially in the power sector, are assessed in a growing literature on carbon lock-in [10] [11] [12] [13] . These studies emphasize that due to long life-times, existing infrastructure is likely to generate substantial 'committed' emissions in the next decades, thus posing a considerable challenge for decarbonization efforts. For instance, Davis and Socolow [10] demonstrate that taking into account only those fossil-fired power plants operating in 2012, emissions of approximately 192-439 GtCO 2 are to be expected during their assumed lifetimes.
The effect of committed emissions has also been examined in integrated assessment model scenarios. Bertram et al [14] demonstrate that less stringent near-term climate policies can be expected to lead to additional coal-based electricity generation. The introduction of ambitious long-run climate targets leads to the premature retirement of significant coal capacity. Pfeiffer et al [15] show that the existing power sector infrastructure responsible for generating emissions may already have exceeded the '2 • C capital stock'. That is, in order to keep global mean temperature increase below 2 • C, the building of new emission generating electricity infrastructure would not be permitted unless existing power plants are either retired or retrofitted with carbon capture and sequestration technologies.
This paper extends previous work on committed emissions of existing energy infrastructure by shifting the focus from historical developments to coal capacity either currently under construction, announced, or in the planning stage. This is especially important as the coal-use landscape is changing. Declining use in industrialized countries and China, and increasing use elsewhere possibly means that despite flat coal use, the amount of committed emissions will increase in actual fact as old plants are being replaced by new ones. In other words, coal is far from being in a 'terminal decline', at least not in all markets and therefore not fast enough to reach set climate targets at low cost.
In contrast to model-based studies analyzing the options for climate change mitigation under a range of assumed future developments, we explore the implications of energy policies that are currently in place, in particular with regard to the construction of new coal power plants. The central question we address is what amount of future cumulative emissions will be additionally locked-in if these plants come online. This analysis allows the identification of countries expected to show the largest increase in coal-fired capacity, which might therefore merit special attention by the international climate policy community.
Materials and methods
Emissions for existing power plants were calculated based on data by Shearer et al [16] and the Global Plant Tracker [28] . A power plant life-time of 40 years was assumed where an explicit retirement date was not available. For planned plants (announced, prepermitted, permitted) and plants under construction data were taken from Shearer et al [16] . All plants under construction and in the planning phase were assumed to be operational by 2030. The latter are marked separately to reflect different (i.e. higher) probabilities with regard to planned capacity still being cancelled (for a detailed regional analysis of historical values see [16] ). The calculation of power plant emissions is based on (announced) capacities. Whereas emissions might be lowered by retrofitting power plants with carbon capture and sequestration (CCS), to our knowledge none of the plants currently planned is designed to be capture-ready. For this reason, we assume that these plants will emit at a constant rate over their entire lifetime. To calculate emissions, the average heat rates for different coal types and average emission factors for different combustion technologies were used on a plant level [28] , resulting in a median load factor of 0.593. To calculate lower and higher bound emission estimates, this capacity factor is varied between 0.368-0.797 [17] 5 . In figure 1 we show emissions data for the year 2012 to illustrate how (I)NDC targets relate to current emissions, taken from the Emission Database for Global Atmospheric Research EDGAR [18] . Note that data were used referring to CO 2 -eq. (i.e. including all greenhouse gases) in order to be consistent with emissions data on (I)NDCs. Countries' (I)NDCs emission data were retrieved from the UNFCCC [19] when countries formulated their targets in CO 2 -eq. (Indonesia, Turkey and Vietnam). For China and India, where only CO 2 targets are communicated to the UNFCCC, we rely on the UNEP Emissions Gap Report [2], which includes projections for non-CO 2 GHGs (see SI for details) 6 .
In section 4, we contrast committed emissions from existing and planned coal plants with emissions implied by the respective (I)NDCs. Several (I)NDCs specify peak years or intensity targets instead of emission levels, thereby leaving room for interpretation, for instance with regard to economic growth rates or rates of emission growth prior to the peak. Some (I)NDCs specify targets conditional on e.g. financial assistance from abroad. We show results for the upper bound range (i.e. more ambitious) of emission reductions achieved by the (I)NDCs, as these can be regarded to be the more relevant (albeit still insufficient) starting points for mitigation action that is in line with the targets of the Paris Agreement.
Section 5 compares the emission commitment of existing, planned, and announced power generation capacity under construction with long-term scenarios. Data on committed emission was taken from Shearer et al [16] , see above for a more detailed description. Existing power plants that had exceeded their 40 year lifetime but were still running in 2016 are assumed to be shut down before 2025. If no specific date is given in the original data, we assume that plants under construction at the end of 2016 will be operational by 2020. With respect to 'planned coal', 'permitted' and 'prepermitted' plants are assumed to be online in 2025, announced plants are assumed to be online in 2030. The emission scenario for a 2 • C target has been calculated with the integrated assessment model REMIND [20] . It assumes regional implementation of (I)NDCs, including emissions targets as well as land-use and energy sector policies, and considers all contributions submitted by 2 October 2015. This scenario anticipates a continuation of policy ambition levels implied by (I)NDCs after 2030 (as in the (I)NDC-extended scenario of the same report) and eventually shifts to an optimal policy to achieve a 2100 forcing target of 2.6 W m −2 (see chapter 4 of the MILES [1] study).
Coal and the (I)NDCs
Continued investments into coal lead to an ongoing carbonization of energy systems (sometimes referred to as a renaissance of coal) in many countries [21] . This will make it difficult for those countries to reach their intended mid-term mitigation targets outlined in the (I)NDCs. Nearly three quarters (73%) of the global coal-fired capacity currently under construction or planned-and hence related future emissions-are located in the top five countries with respect to power plants in the pipeline, i.e. China, India, Turkey, Vietnam, and Indonesia, which are all newly industrializing countries [16] . While China and India have reduced their plans to build new coal-fired power plants between 2015 and 2016, other countries, such as Bangladesh, Pakistan or Egypt have significantly increased them (see also figure S1 ). Egypt, which to date has been a comparatively minor coal consumer country, has planned additions of slightly less than 25 GW of coal-fired capacity. This would increase total capacity in the country almost eight-fold.
In the past, investments in new coal capacity were dominated by China, the world's largest coal consumer accounting for about half of the world's total. Chinese coal use has recently slowed, and might even have passed its peak [22] . However, data suggest that China will invest in coal-fired plants abroad, while their domestic market increasingly saturates [23] . Even if China's coal use has peaked, lower domestic rates of coal consumption would still consume a considerable share of the remaining carbon budget. Increasing coal use in other countries may also act to offset at least some of the reductions achieved in China.
(I)NDCs allow for annual emissions to increase by a certain extent until 2030. Relative to 2012 emissions, these increases range from 17% for China to more than 100% for Turkey and Indonesia (as indicated by the black triangles in figure 1 , displaying 2012 emissions as a fraction of the (I)NDC target). In view of the sharp emission reductions required in the mid-to long-term to achieve the Paris Agreement, these five countries' (I)NDCs appear to be of limited ambition. This evaluation in line with the assessment of the Climate Action Tracker. The Tracker rates the (I)NDCs of China, India, and Indonesia as 'medium', meaning that they are '[n]ot consistent with limiting warming below 2 • C as it would require many other countries to make a comparably greater effort and much deeper reductions', and that of Turkey even as 'inadequate' ( [24] , Vietnam is not included in their rating).
Nevertheless, the emissions that would be released by existing and planned coal plants in the aforementioned countries account for a significant share of the maximum amount of 2030 emissions to which their (I)NDCs commit. For example, in China, India, Turkey, and Vietnam, these emissions would represent between 36% and 48% of the 2030 emissions targeted in their (I)NDCs. In Turkey and Vietnam, emissions from coal capacity currently planned and/or under construction would-if added to the committed emissions from existing plants-be comparable to overall 2012 greenhouse gas emissions levels.
The challenge of meeting (I)NDCs in the face of growing coal use is also apparent from table 1, which compares the changes of emissions from coal-fired power plants and from all other sources projected until 2030. For all five countries, emissions from coal-fired power plants increase significantly more than emissions from all other sources. For instance, in China and Vietnam emissions from all sources except coalfired power plants would be permitted to increase by no more than 12% and 14%, respectively. This is especially striking for Vietnam, for which construction of all coal-fired power plants planned would mean a more than nine-fold increase in emissions stemming from such plants. Taking into account that the power sector in general, and particular fuel switch away from coal, offers the most cost-effective mitigation option [25] , such developments in these countries' energy sectors would at least represent unbalanced approaches to climate policy. Lacking cost-efficiency could, even if it is perhaps not the most decisive element of climate policy making, nevertheless greatly affect the credibility of these countries' (I)NDCs. In sum, planned investments in coal-fired power plants could even undermine the (I)NDCs' relatively low ambitions for those countries in which the largest additions in coal-fired capacities are forthcoming. In light of such heavy investments in coal-fired power, it seems questionable that these countries will embark on ambitious reduction efforts in other sectors, such as transport or industry. This will thus affect their (I)NDCs' credibility.
Coal undermines long-term climate targets
Building up new coal-fired power plants would not only endanger the (I)NDCs of the major coal consumers examined in the previous section, but also have important implications for global climate change mitigation. Emissions that would result from the construction of all currently envisaged coal-fired power plants will, even if the targets laid out in the (I)NDCs are actually reached, undermine long-term climate targets. With future temperature increase being a function of the cumulative amount of emissions released into the atmosphere [26], the feasibility of specific climate targets crucially depends on the speed at which emissions can be reduced. To have a good chance (66%) of keeping global temperature increase below 2 • C, around 700 Gt CO 2 (with an uncertainty range of ±275 Gt CO 2 ) can still be emitted from 2016 on [18] . If Committed emissions to the atmosphere decomposed into contributions of coal (existing, under construction and planned) and other economic sectors for different regions (region categorization RC5 as defined in the IPCC AR5 [25] ); uncertainty ranges indicate differing lifetimes (30 yrs-50 yrs) and coal fired power plants' capacity factors (37%-80%); emission factors are specific to the power plants [16, 28] . 'All sectors w/o coal' only includes committed emissions for infrastructures that has been constructed before 2010 as calculated by Davis et al [29] . For the calculation of 'all sectors' medium lifetimes of infrastructure as reported by Davis et al were assumed. Data Source: [16, 25, 29] .
used to the end of its lifetime, the existing infrastructure (including coal-fired power plants, but also buildings, transportation infrastructure etc.) is estimated to produce emissions that are in the range of roughly 500 Gt CO 2 [13] , as shown in figure 2. Coal-fired power plants that are under construction or planned would account for committed emissions of approximately 150 Gt CO 2 if fully realized and thus almost exhaust the still remaining 2 • C budget. That is, these new additions alone would consume more than one fifth of the available carbon budget for a 2 • C target. Those emissions would add to the roughly 190 Gt of CO 2 committed by existing coal-fired power plants that were built until the end of 2016. Even though the carbon budget for a 1.5 • C target is to date not fully explored and hence subject to substantial uncertainty, available estimates based on the IPCC AR5 arrive at a median of roughly 113 Gt CO 2 (with an uncertainty range of ±112.5 Gt CO 2 ) 7 . This budget would already be exceeded by the emissions locked in by those coal power plants projected to be built during the next years. Another perspective to look at the amount of locked in emissions is a comparison to scenario analyses. Ambitious mitigation scenarios assessed in the IPCC (RCP 2.6) see cumulative emissions from (unabated) coal to be in the range of 95 Gt, starting from 2017 8 , indicating that some existing plants would actually need to emit less than currently expected, not to speak of newly built power plants already in the pipeline.
Constructing new coal plants in the next years would create path dependencies and thus severely restrict the policy options for climate change mitigation measures for the next decades. Carbon lock-in would slow down the transformation of the global energy system until well after 2030. Even if annual emissions decline in the future, new coal-fired power plants are likely to substantially decelerate this decline, depleting the carbon budget still available prematurely. In addition, even a declining capacity of coal-fired plants can mean an increasing amount of committed emissions, as old plants with only a short remaining life-time are replaced by new ones that have several decades of operation ahead of them.
Hence, the prevalence of coal in the power sector would constitute a stark deviation from a 2 • C mitigation pathway that is cost-optimal in the longterm (see figure 3) . This 2 • C scenario calculated for the MILES [1] report using the REMIND model takes into account the constraint that the (I)NDCs foresee a further increase in emissions until the year 2030. Hence, it deviates from unconstrained mitigation scenarios, which typically project emissions to peak by or even before 2020 [25] . This scenario shifts a larger share of emission reductions to the second half of the century than conventional 2 • C scenarios, so that it can be considered to be of lower ambition in the 7 One newer study implies that the available budget for achieving 1.5 • C might be larger and in the magnitude of what was assumed previously to be available for achieving 2 • C with a high probability [27] . We consider those results as an optimistic estimate. For this reason, we rely on the estimates reported in the IPCC AR5 [26] . 8 This number constitutes a median value. The minimum value is 19 Gt, the maximum 311 Gt and the 25th/75th interquartile range is 42 Gt/198 Gt. Note that values calculated by the IPCC (starting from 2010) are corrected here to make numbers comparable to values given above (starting in 2016). [10, 16, 28] ). Estimates are compared with optimal emission trajectories in a scenario that limits the increase of global mean temperature to 2 • C, taking (I)NDC targets into account [1] . Colored areas for comparison show modeled CO 2 emissions from fossil fuel combustion and industry (FFI) decomposed into three categories. Note that coal used with CCS is not shown for the bottom-up estimates.
near-and mid-term. Nevertheless, it projects an immediate decline in coal-fired capacities-even as current plans correspond to further increases.
If all coal-fired power plants currently announced, planned or under construction are realized, coal emissions will exceed the total emissions allowed by the entire power sector by 2040 (i.e. including emissions from gas-and oil-fired plants; see light and dark grey areas in figure 3 ) and by 2050 account for about half of the total fossil fuels emissions (including those from transport, industry and residential) projected in this scenario. This makes it impossible to achieve the required zero net emissions by 2065 without early retirement of power plants.
Increasing coal emissions could be counterbalanced by more ambitious reductions in other sectors, or sizable amounts of negative emissions in the future (e.g. by capturing CO 2 from the atmosphere and storing it in e.g. underground reservoirs) [30] . As such, ongoing investments in coal do not automatically render the 2 • C target impossible. However, as the most cost-efficient opportunities to reduce emissions are typically within the power sector [19] , pursuing such paths would cause the costs of emission reduction after 2030 to increase significantly. Such an increase in mitigation costs could put governments under increased pressure by domestic interest groups to soften targets, thereby making ambitious domestic climate policies and future international cooperation less likely.
If UNFCCC member states are to achieve the goals set out in the Paris Agreement, they will need to reconsider their national energy and climate policies and derail current plans for additional coal fired power capacity. Despite recent cost reductions, renewable energy can still not compete with cheap coal and natural gas [31] , in particular when intermittent renewable energy sources like wind and solar are deployed on a large scale [32] . Existing capital market constraints in developing and newly industrializing countries favor coal despite physical good conditions for capital-intensive renewable energy [33] . While shale gas has driven down natural gas prices in the US to levels nearly equal to those of coal (per GJ), in most other regions (particularly in Asia) coal has been the least-cost power generation option for the last decade [34] . For this reason, we caution against the view that the issue of coal will be solved more or less automatically by cheaper renewables. Instead, phasing out coal requires dedicated policies.
The political economy of phasing out coal
Our estimates suggest that-if completed-the current plans for new coal-fired capacity would likely close the door on ambitious climate change mitigation targets. Even though some planned coal-fired projects have been shelved in China and India in 2016, it is far from Figure 4 . Decadal changes of average coal consumption in the electricity sector (x-axis) and average investment in coal-fired generation capacity (y-axis) for different regions (region categorization RC5 as defined in the IPCC AR5 [25] ). Data source: [28, 35] . Note: please see figures S2 and S3 for annual changes.
clear that coal is indeed in decline, as other countries are ramping up their investments in coal-fired power plants. For instance, planned future investments in coal increased almost eightfold in Egypt, about doubled in Pakistan, and increased by more than half in Japan and the Philippines between 2015 and 2017 (see figure S1 in the supplementary information). This suggests that coal is, despite its severe implications for the climate as well as local air pollution, still regarded to be a reliable and affordable source of energy. This can be confirmed by looking at decadal data (figure 4). Although the rate of growth has slowed in recent years, investment as well as consumption of coal have, with very few exceptions, shown continuous growth over the last 40 years in all world regions.
As we have argued in section 5, even though coal use has grown less rapidly in recent years, coal-fired plants currently in the pipeline would almost completely exhaust the remaining carbon budget consistent with the Paris Agreement. In order to achieve international climate targets, coal consumption and coal investment need to decline substantially, i.e. show negative growth rates (lower left quadrant in figure 4) . It is frequently argued that current investments in coal-fired capacity will lead to 'stranded assets' [36, 37] . Indeed, it is tempting to assume that-given its incongruity with international climate targets-today's investments in coal will need to be written off early. Some have warned that this might lead to a 'carbon bubble' with potential negative consequences for financial markets [36, 38] . However, this argumentation tends to ignore political economy obstacles. Instead of being stranded, current investments can also be seen as an indication that investors do not believe in future climate policy or that they are confident in their own lobbying power. Rather than assuming that coal power plants announced, planned, or already under construction will increasingly be shelved, policy environments allowing for credible commitment to the targets laid out in the Paris Agreement-i.e. that reduce coal useneed to be put into place.
Several possibilities to prevent the construction of new unabated coal-fired power plants (i.e. without CCS) have been proposed. A properly sequenced closure of coal mines in key supplier nations would squeeze coal out of the global energy system at relatively low economic costs [39] . On the level of power plants, performance standards that increase in stringency over time could provide incentives to forgo planned investments. Such foregone investments would occur if it was expected that the planned plants will not be in accordance with these standards in the future. Emphasizing the associated health co-benefits of a dedicated coal phase-out could substantially increase public support for policies to reduce coal consumption. Some countries, in particular China, have already closed existing coal power plants and shelved a number of plans for new construction, presumably due to local air pollution concerns [40] . For instance, an influential report estimates that the full social costs of GHG emissions are close to US$ 150 per tCO 2 , of which air pollution caused by coal accounts for a substantial share [41] . Figuring these costs in the evaluation of energy investments would make coal economically unattractive even for countries for which climate change mitigation does not rank highly on the political agenda. Carbon pricing would make carbon-intensive coal economically unattractive and thus promote alternative, low-carbon, energy sources. Substantial additional benefits would also accumulate, such as raising revenues for the public budget [42] .
Despite its comparatively low economic costs, any approach to phase out coal could be difficult to achieve politically. Dedicated compensation schemes, such as retraining and early retirement of employees, will need to be developed to ease the burden of adjustment [43] . Experiences from similar undertakings, such as Germany's nuclear phase out, or Iran's reform of subsidies for petrol and natural gas, could provide important insights on how to increase public acceptance of coal phase-outs. The feasibility of a transition away from unabated coal will also depend on available technological alternatives and accompanying policy instruments. For example, policies that de-risk investments into lowcarbon technology can significantly lower the carbon price level necessary to induce a coal phase-out [44] . In addition, increased deployment of low-carbon energy sources will require improved grid integration to be able to deal with the variable availability of solar and wind power appropriately [32] .
Efforts to phase out coal will also require support from the international community. Countries refraining from coal use or extraction should be compensated accordingly. Otherwise, poor countries are unlikely to bear the additional costs of clean energy sources [45] , especially with regard to the required high initial investment costs in the face of capital constraints [44] . Such support could take the form of e.g. prioritized access to climate finance or other forms of multilateral development assistance [46] , as well as preferential loans, de-risking instruments, or developing roadmaps and sharing of experiences regarding policy design. Multilateral development banks (MDBs) could apply shadow carbon prices for the evaluation of their investment portfolios in the range suggested by a recent report on carbon pricing [47] . Future rounds of negotiations under the UNFCCC or other international forums, such as the G-20, need to work in this direction.
Conclusions
This paper has shown that construction of all coal-fired power plants currently announced, planned or under construction would seriously endanger national and international climate targets. Although a number of countries, most prominently China, have shelved the construction of some coal-fired plants that had previously been under consideration, a sizable amount of coal-fired capacity is still announced, planned, or already under construction. Some countries have increased their planned future capacities substantially. If this coal-fired capacity comes to fruition, ambitious climate change mitigation targets would become much more difficult, or even infeasible, to achieve.
Recent cost reductions for renewable energy technologies give rise to the hope that governments will find it in their self-interest to implement cleaner energy sources. Yet, trusting that a large share of forthcoming coal-fired power plants will not be realized could turn out to be a gamble for the global climate. Even if costs for renewables continue to decline as they did in recent years, the way to a power system based on renewables could still be a tough one to master. Potential obstacles include technical problems (and additional costs) related to grid integration as well as the political influence of coal owners, utilities and unions representing workers that would be adversely affected by coal's demise. The vow of US President Donald Trump to support a declining coal industry clearly illustrates how political incentives can be more powerful than economic considerations in the formulation of energy policy. Once investments for new coal-fired power plants are sunk, these plants are unlikely to be shut down after only a few years of operation. In this case, technological improvements for renewable energies would most likely turn out to be 'too little, too late' to achieve the targets of the Paris Agreement. By contrast, policies to take most coal-fired power plants that are announced, planned or under construction out of the coal pipeline would constitute a smart hedging strategy decreasing political uncertainty and allowing for credible commitment to ambitious long-term mitigation targets [48] .
